Mucosa-associated invariant T (MAIT) cells represent a large innate-like evolutionarily conserved antimicrobial T-cell subset in humans. MAIT cells recognize microbial riboflavin metabolites from a range of microbes presented by MR1 molecules. MAIT cells are impaired in several chronic diseases including HIV-1 infection, where they show signs of exhaustion and decline numerically. Here, we examined the broader effector functions of MAIT cells in this context and strategies to rescue their functions. Residual MAIT cells from HIV-infected patients displayed aberrant baseline levels of cytolytic proteins, and failed to mobilize cytolytic molecules in response to bacterial antigen. In particular, the induction of granzyme B (GrzB) expression was profoundly defective. The functionally impaired MAIT cell population exhibited abnormal T-bet and Eomes expression patterns that correlated with the deficiency in cytotoxic capacity and cytokine production. Effective antiretroviral therapy (ART) did not fully restore these aberrations. Interestingly, IL-7 was capable of arming resting MAIT cells from healthy donors into cytotoxic GrzB+ effector T cells capable of killing bacteria-infected cells and producing high levels of pro-inflammatory cytokines in an MR1-dependent fashion. Furthermore, IL-7 treatment enhanced the sensitivity of MAIT cells to detect low levels of bacteria. In HIV-infected patients, plasma IL-7 levels were positively correlated with MAIT cell numbers and function, and IL-7 treatment in vitro significantly restored MAIT cell effector functions even in the absence of ART. These results indicate that the cytolytic capacity in MAIT cells is severely defective in HIV-1 infected patients, and that the broad-based functional defect in these cells is associated with deficiency in critical transcription factors. Furthermore, IL-7 induces the arming of effector functions and enhances the sensitivity of MAIT cells, and may be considered in immunotherapeutic approaches to restore MAIT cells.
Introduction
Mucosa-associated invariant T (MAIT) cells are a recently described subset of unconventional, innate-like T cells that are highly abundant in mucosal tissues, liver and circulation of healthy humans [1] [2] [3] [4] . MAIT cells express a semi-invariant T cell receptor (TCR), including Vα7.2 coupled with restricted Jα segments (Jα33, Jα12, or Jα20), and limited Vβ repertoires [5, 6] . Together with their semi-invariant TCR, human MAIT cells are also defined by their high expression of CD161, the IL-18 receptor α subunit (IL-18Rα), and the transcription factor ZBTB16 [7] , also known as promyelocytic leukemia zinc finger protein (PLZF) [8, 9] . The vast majority of MAIT cells are either CD8αα or CD8αβ, with some CD4/8 double-negative (DN), and minor CD4 + populations [8] [9] [10] [11] . Human MAIT cells acquire innate-like antimicrobial activity in the fetal intestinal mucosa pre-natally, prior to the establishment of the commensal microflora [12] . MAIT cells recognize antigens in complex with the MHC-Ib-related protein (MR1) [2, 4] , which displays an extraordinary level of evolutionary conservation among placental and marsupial mammals [4, 13, 14] . MR1 presents microbial vitamin B 2 (riboflavin) metabolites from a wide range of microbes [15, 16] , including unstable intermediates that are formed from nonenzymatic condensation of the early intermediate of riboflavin biosynthesis 5-amino-6-D-ribitylaminouracil (5-A-RU) with host-or microbe-derived glyoxal or methylglyoxal [15, 17] . MR1 captures these otherwise unstable compounds and presents them to MAIT cells [17] . Once activated by antigens, MAIT cells can rapidly kill infected cells [18, 19] , inhibit intracellular microbial growth [20] , and produce pro-inflammatory cytokines including IFNγ, TNF, and IL-17 [8, [10] [11] [12] 21] . Certain innate cytokines, including IL-12 and IL-18, can stimulate MAIT cells to produce IFNγ independently of the MR1-TCR interaction [22, 23] . These findings are strongly supportive of the notion that MAIT cells perform critical functions in the immune system, also beyond their role as antimicrobial T cells, particularly at mucosal sites.
Despite the great advances of antiretroviral therapy (ART) in the management of HIV disease, infected patients are still at an increased risk of microbial co-infections such as Mycobacterium tuberculosis, non-typhoidal Salmonella and Streptococcus pneumoniae [24] [25] [26] [27] . Such microbial co-infection burdens are particularly apparent in individuals who are diagnosed at advanced stages, lack access to ART, and those who are non-adherent to therapy and clinical care. Although MAIT cells do not directly recognise viral antigens, indirect involvement of these cells in viral immunopathogenesis can occur, as we originally and others recently described for HIV-1 infection [11, 21, [28] [29] [30] [31] . MAIT cell numbers and Th1/17 cytokine production are severely and persistently reduced in chronic HIV-infected patients [11] . The polymicrobial reactivity and breadth of the MAIT cell functional profile most likely contribute to the reported role of MAIT cells in the protection against diverse bacterial and mycobacterial infections in animal models, as well as in severe bacterial infections and pulmonary tuberculosis in humans [8, 20, [32] [33] [34] [35] . MAIT cell defects may therefore predispose HIV-infected patients to an increased risk of acquiring microbial co-infections. Furthermore, the loss of MAIT cells is potentially irreversible if the disease is not treated at a very early stage [11, 21, [28] [29] [30] [31] . In most settings of HIV-1 infection early diagnosis and treatment is challenging, and this necessitates a strategy where MAIT cells can be rescued through adjunctive immunotherapies.
IL-7 is a pleiotropic cytokine that has strong survival and homeostatic effects towards T cells, particularly the memory T cell populations with which MAIT cells show similarities (reviewed in [36] ). IL-7 has attracted interest in the context of HIV-1 disease, and was proposed as a potential cytokine intervention therapy in treatment failure as well as in approaches to purge the viral reservoir (reviewed in [37] ). Furthermore, IL-7 was recently shown by Tang et al. to enhance MAIT cell Th1/17 cytokine production in response to polyclonal stimulation [38] . In the present study, we investigate the cytolytic function of MAIT cells in the context of HIV-1 infection, the basis for dysfunction of MAIT cells in this disease, and possible approaches to rescue their function. Our findings indicate that arming of cytolytic capacity in MAIT cells is severely defective in HIV-1 infected patients, and that the broad-based functional defects in these cells are associated with deficiency in critical transcription factors. Furthermore, IL-7 induces the arming of effector functions and enhances the sensitivity of MAIT cells in healthy donors, and can partially reverse the functional and transcription factor defects in MAIT cells from HIV-1 infected patients. Thus, inclusion of IL-7 may be considered in immunotherapeutic approaches to restore MAIT cell numbers and function in conditions associated with loss and dysfunction of these cells.
Results

MAIT cells express cytolytic proteins at steady state and become rapidly armed into full effector T cells following bacterial stimulation
The expression levels of the cytolytic proteins perforin (Prf), granzyme (Grz)A, GrzB, and granulysin (Gnly), as well as the degranulation marker CD107a, were investigated in unstimulated MAIT cells obtained from 20 HIV-uninfected healthy controls (Fig 1A and 1B) , and compared with those of non-MAIT, conventional CD4 + and CD8 + T cells (Fig 1B) . The majority of MAIT cells expressed Prf and GrzA, whereas Gnly was expressed only by a proportion of MAIT cells and displayed high inter-donor variability (Fig 1B) . Interestingly, MAIT cells did not express GrzB at steady state ( Fig 1B) . This pattern of cytolytic protein expression by MAIT cells was significantly different from non-MAIT, conventional CD4 + and CD8 + T cells ( Fig   1B) , consistent with recent studies [18, 19] . In addition, GrzA and Gnly in MAIT cells were coexpressed with the pore-forming protein Prf (S1A Fig) .
We next determined MAIT cell cytolytic protein expression profile following overnight stimulation with mildly PFA-fixed E. coli in 20 healthy individuals, as we have previously shown that such stimulation triggers robust expression of pro-inflammatory cytokines in MAIT cells [11, 12] . Following stimulation, MAIT cells expressed high levels of the 
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+ MAIT cells (black dot plot) were variable for Prf expression and mostly negative for GrzB and IFNγ (n = 20). (E) The kinetics of MAIT cell expression for CD107a (blue line), GrzA lo (red line), and GrzB (black line) after PFA-fixed E. coli stimulation (n = 3). Error bars represent mean and standard deviation. Representative FACS plots from at least 5 healthy donors are shown. Box and whisker plot shows median, IQR and the 10 th to the 90 th percentile. The Friedman test followed by Dunn's post-hoc test was used to detect significant differences across multiple, paired samples (B), and the Wilcoxon signed rank test for paired samples (D). NS: not significant (p0.05), *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. doi:10.1371/journal.ppat.1005072.g001 degranulation marker CD107a, coupled with loss of Gnly and GrzA expression, a concomitant upregulation of GrzB and Prf, as well as IFNγ production (Fig 1C) . Furthermore, the high Prf and GrzB expression levels were predominantly found within the CD107a + GrzA lo MAIT cell population (Fig 1D) , indicating that MAIT cells exocytose these cytolytic proteins following bacterial stimulation. Interestingly, not all CD107a + GrzA lo MAIT cells produced IFNγ ( Fig   1D) , suggesting that some functional heterogeneity within the MAIT cell population may exist. MAIT cell degranulation occurred rapidly, with detectable CD107a expression within two hours following bacterial feeding, followed by the appearance of GrzA lo MAIT cells, and then finally GrzB upregulation within 24 h post-stimulation with optimal upregulation at 72 h poststimulation (Fig 1E) . Together, these results indicate that MAIT cells rapidly mobilize their cytolytic granules upon antigen stimulation, and upregulate GrzB expression to become fully armed effector T cells.
MAIT cells express a distinct combination of transcription factors
Recent studies show that MAIT cells express the innate-like T cell transcription factor PLZF and the Th17 master transcription factor RORγt, which are likely to be responsible for the effector memory-like and Th17-like phenotype in MAIT cells, respectively [3, 8, 9] . However, the MAIT cell expression profile of other T cell transcription factors is unknown, including T box transcription factor 21 (TBX21, or T-bet), Eomesodermin (Eomes), and Helios. Therefore, the intracellular expression of PLZF, RORγt, T-bet, Eomes, and Helios was investigated in peripheral blood MAIT cells from 10 healthy donors. As expected, MAIT cells expressed PLZF and RORγt (Fig 2A) . PLZF and RORγt co-expression in CD8 + T cells, total T cells, and to a lesser extent, in DN T cell populations accurately identified the MAIT cell population (S1B (Fig 2A) , and were homogeneous across the predominant DN and CD8 + MAIT cell subsets, although lower expression levels were observed in the minor CD4 + MAIT cell subset (Fig 2C) .
IL-7 arms MAIT cells and potently enhances MAIT cell cytolysis of target cells
A recent study showed that IL-7 can enhance MAIT cell production of Th1/17 cytokines following CD3/CD28 stimulation [38] . Here, we assessed whether IL-7 could enhance MAIT cell antimicrobial cytotoxic potential in healthy individuals. Following a 48 h stimulation with IL-7 alone, the expression levels of Prf and GrzA were elevated and GrzB expression was induced, and this occurred in the absence of concurrent production of Th1/17 cytokines (Fig 3A and  3B ). (Fig 3A and 3B ). In 
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-DN (blue) and CD8 + MAIT cell populations (green) that comprised the vast majority of total MAIT cells (typically >95%; red) were similar. Variable expression levels within the small minority CD4 + MAIT cells (orange) were observed. Representative FACS plots are shown. Box and whisker plots show median, IQR and the 10 th to the 90 th percentile. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (the Friedman test followed by Dunn's post-hoc test).
doi:10.1371/journal.ppat.1005072.g002 We next examined the effect of IL-7 treatment on MAIT cell effector responses following overnight stimulation with a suboptimal dose of mildly fixed E. coli (MOI 0.01). IL-7 treatment significantly enhanced expression of MAIT cell cytotoxic effector molecules and pro-inflammatory cytokine production as compared to MAIT cells exposed to bacteria alone (Fig 3C and  3D ). In addition, IL-7 boosted the sensitivity of MAIT cells and allowed degranulation, GrzB upregulation, and IFNγ production at an antigenic dose up to 1000-fold lower when compared to IL-7-untreated MAIT cells (Fig 3E) . The enhancement of MAIT cell effector function in response to E. coli stimulation reached its maximum when treated with 5-25 ng/ml IL-7 (S2D Fig) .
IL-18 and IL-12 have been shown to stimulate MAIT cell effector function [19, 22, 23] . We therefore compared these cytokines with IL-7 in their capacity to arm MAIT cell effector function. In three HIV-uninfected donors, IL-7 was similar or superior to IL-18/IL-12 in arming and enhancing MAIT cell effector functions alone or following bacterial stimulation (S3A and S3B [30, 39] .
Because IL-7 treatment armed MAIT cells to become GrzB-expressing effector T cells, we investigated the effect of IL-7 on MAIT cell-mediated killing of bacteria-fed cells. Here, we utilized an in vitro model system where human MR1-expressing 293T (293T-hMR1) cells were fed mildly fixed E. coli and co-cultured with MAIT cells. Untreated MAIT cells were not able to significantly kill bacteria-fed target cells, whereas IL-7 treatment boosted MAIT cell killing of target cells by about 10-fold (Fig 4A and 4B) . In resting IL-7 untreated cells, there was a correlation between degranulation and GrzB co-expression (CD107a + GrzB + ) by effector MAIT cells and target cell killing following exposure to E. coli (S3D Fig) . This pattern indicated that the lackluster killing of target cells by IL-7 untreated MAIT cells was due to the low levels of degranulation and GrzB (Fig 4) . In contrast, MAIT cells that were treated with IL-7 expressed GrzB, readily degranulated and had even higher GrzB levels upon co-culture with bacteria-fed target cells (Fig 4A) . Both IL-7-treated and-untreated MAIT cell killing of target cells was ablated by anti-MR1, suggesting that MAIT cell killing is predominantly MR1-dependent ( Fig  4A and 4B ). Taken together, these results indicate that IL-7 arms MAIT cells to become effector T cells and potently induces MR1-dependent killing capacity through the upregulation of GrzB expression as well as other effector proteins, and this occurs concomitantly with elevated expression of transcription factors including T-bet and Eomes.
MAIT cell arming and cytotoxic capacity is impaired in chronic HIV-1 infection
The capacity of MAIT cells to produce pro-inflammatory cytokines is severely decreased in untreated chronic HIV-1 infection [11] . However, it remains unknown whether MAIT cell cytotoxic capacity is also impaired in this condition. To address this, we compared the expression of cytolytic proteins in unstimulated MAIT cells from 20 healthy controls and 25 ART untreated HIV-1 infected patients ( Table 1) . Levels of GrzA and Prf expressed by MAIT cells in HIV-1 infected patients were modestly, but significantly, lower than those in uninfected healthy controls (Fig 5A, p = 0 .0007 and p = 0.0008, respectively). Interestingly, the levels of GrzB expression in MAIT cells from infected patients were significantly higher when compared to healthy controls (p = 0.0004), a pattern in line with the notion that these residual MAIT cells are partially activated, consistent with our previously published data [11] . There was no significant difference in the levels of Gnly in MAIT cells between HIV-1 infected patients and healthy controls (median (IQR) = 16.3 (7.3-28.6)% and 14.5 (7.2-26.0)% respectively; p = 0.98). The modest changes in expression of GrzA, Prf, and GrzB in unstimulated MAIT cells from these patients were not significantly restored following long-term ART (n = 18; Fig 5A) (median (IQR) duration of ART = 38.5 (28-49) months).
Next, we investigated the responses of MAIT cells in terms of GrzB arming and cytolytic potential following a 24 h bacterial stimulation (Fig 5B) . All measured facets of MAIT cell The effect of IL-7 on MAIT cell killing of bacteria-exposed cells was determined using 293T-hMR1 cells that were pulsed with PFA-fixed E. coli (MOI 10) and co-cultured with purified MAIT cells that were previously untreated or treated with IL-7 for 72 h. Anti-MR1 or IgG2a isotype controls were added to determine MR1-dependency of MAIT cell killing of bacteria-exposed cells. 293T-hMR1 cell death was defined as cells that were positive for both poly-caspases activities (FLICA + ) and amine-reactive live/dead cell marker (DCM + ). MAIT cell degranulation, and expression of GrzB and Prf were simultaneously assessed. (B) The effector to target cells (E:T) ratio curve for MAIT cell killing of PFAfixed E. coli-pulsed 293T-hMR1 cells was determined in 3 (Fig 5B and 5C ). The severe deficiency of GrzB-expressing MAIT cells following bacterial stimulation was particularly striking given that this cell population had slightly upregulated GrzB levels at steady state ( Fig  5A) , indicating that MAIT cells from HIV-1 infected patients have severely compromised ability to upregulate GrzB de novo following new microbial encounters. There were no significant correlations between MAIT cell cytotoxic potential and cytokine production with CD4 counts (Fig 5C) . However, it is important to note that in treated HIV-infected individuals the levels of GrzB up-regulation were still significantly lower (p<0.0001), and levels of Prf tended to be lower (p = 0.063), when compared to healthy controls. There were no significant correlations between the magnitude of MAIT cell cytotoxic capacity and cytokine production recovery after ART with duration of ART (CD107a 
Expansion of aberrant MAIT cells lacking T-bet and Eomes in chronic HIV-1 infection correlates with loss of MAIT cells and impaired effector function
In healthy individuals, the vast majority of MAIT cells express low but detectable levels of Tbet and high levels of Eomes (T-bet dim Eomes hi ; Fig 2B and Fig 6A) . However, in HIV-1 infected patients there was a significant expansion of a MAIT cell population expressing neither transcription factors at detectable levels (T-bet neg Eomes neg ), and this was only partially reduced following long-term ART (n = 14) (Fig 6A) . Detailed investigation revealed that the Tbet neg Eomes neg MAIT cell population also expressed significantly lower levels of PLZF, RORγt, and Helios when compared to the T-bet dim Eomes hi MAIT cell population (all p<0.0001; Fig   6B) . More importantly, the expansion of the T-bet neg Eomes neg MAIT cell population in HIVinfected patients was strongly correlated with MAIT cell depletion in the periphery (Fig 6C) , loss of MAIT cell cytotoxic potential (CD107a + GrzA lo and CD107a + GrzB + ; Fig 6D and 6E, respectively), and impaired IFNγ production (Fig 6F) in response to bacterial stimulation. Next, we investigated whether this aberrant MAIT cell transcription factor profile could be generated in vitro following a strong chronic antigenic exposure. A six day culture of PBMCs from healthy donors (n = 3) with mildly fixed E. coli increased the frequency of T-bet neg Eomesneg MAIT cells (Fig 6G) . Similar to MAIT cells in HIV-infected patients with this phenotype, these in vitro-generated T-bet neg Eomes neg MAIT cells also expressed lower levels of PLZF and RORγt (Fig 6G) . The T-bet neg Eomes neg MAIT cells also expressed lower levels of GrzB. Finally, the aberrant T-bet neg Eomes neg MAIT cells proliferated less when compared to T-bet dim Eomes hi MAIT cells (Fig 6G) .
IL-7 significantly restores the impaired MAIT cell effector function, and correlates with MAIT cell numbers in HIV-1 infected patients
The potential of IL-7 treatment to restore MAIT cell functional defects in HIV-1 infected patients was evaluated in vitro. Interestingly, GrzA and Prf upregulation following IL-7 treatment in samples from healthy controls (n = 8) and HIV-1 infected patients (n = 6) was not significantly different (Fig 7A) . However, whereas GrzB upregulation occurred in MAIT cells from both groups, it was weaker in HIV-1 infected patients suggesting that the cytotoxicity arming effect of IL-7 in these patients may be less distinct (p = 0.0293, Fig 7A) . In a second round of experiments the ability of IL-7 to support the MAIT cell response in HIV-1 infected patients to a 24 h bacterial stimulation was evaluated. IL-7 treatment significantly improved all measured phenotypic aspects of MAIT cell cytotoxic potential including the generation of CD107a + GrzA lo , CD107a + GrzB + , and CD107a + Prf + phenotypes, as well as the production of IFNγ by MAIT cells (n = 6) ( Fig 7B) . Next, we investigated whether the improvement of MAIT cell effector functions by IL-7 treatment might be linked with restoration of the abnormal MAIT cell transcription factor profile in nine ART-untreated HIV-1 infected patients. Importantly there was no difference in CD127 levels by T-bet Fig 7C) . Short-term IL-7 treatment also reduced the already low frequency of T-bet neg Eomes neg MAIT cells in seven HIV-uninfected healthy controls (p = 0.0156;
S4B Fig).
We next evaluated whether plasma levels of IL-7 in vivo were associated with MAIT cell levels in 31 individuals enrolled in a second cohort of HIV-infected patients recruited from the same site (Table 1 ). The clinical parameters of cohort 2 were not significantly different when compared to those of cohort 1. Furthermore, patients in cohort 2 saw a similarly significant depletion of MAIT cells, and a similarly significant increase in the levels of Vα7.2 + CD161 -T cells in peripheral blood (S5A Fig) as previously reported [11] . There was also a significant increase in MAIT cell activation as evaluated by expression of CD38, HLA-DR, CD57, and , and HIV-1 infected ART-untreated patients (n = 6). GrzA and Prf upregulation was determined as fold-change of geometric MFI to that of IL-7-untreated cells, whereas GrzB upregulation was determined as fold change of the percentage GrzB-expressing cells. (B) PBMCs from six HIV-1 infected ART-untreated patients were either left untreated or treated with IL-7 for 24 h, then stimulated with mildly PFA-fixed E. coli (MOI 10) for a further 24 h before measurements of MAIT cell effector functions. (C) PBMCs from nine HIV-1 infected ART-untreated patients were incubated in the presence or absence of 10 ng/ml IL-7 for 48 h and then stained for transcription factor expression as described in Fig 6. Correlation between plasma levels of IL-7 and MAIT cell frequency and numbers from 31 HIV-1 infected ART-untreated patients (D) or MAIT cell effector function from 14 patients (E) were calculated using Spearman's test. Box and whisker plots show median, IQR and the 10 th to the 90 th percentile. Representative FACS plots are shown. Significance between independent samples was determined using Mann-Whitney's test, and paired samples using Wilcoxon's signed rank test (B) or paired t-test (C). [11, 21, 29, 31] , there were no significant correlations between MAIT cell levels and either CD4 counts and plasma viral loads (Spearman's r = 0.074, p = 0.70; and r = 0.22, p = 0.23, respectively). We also did not find any correlation between MAIT cell levels and plasma markers of microbial translocation (LPS; Spearman's r = 0.018, p = 0.93) and innate immune activation (sCD14; r = -0.14, p = 0.45).
Having thus validated that cohort 2 was comparable to cohort 1, the patients in cohort 2 displayed a positive correlation between the plasma levels of IL-7 and MAIT cell frequency and absolute counts in peripheral blood (r = 0.45, p = 0.011, and r = 0.39, p = 0.030, respectively; Fig 7D) . Furthermore, plasma IL-7 levels showed a weak positive correlation with the capacity of MAIT cells to respond to PFA-fixed E. coli stimulation (CD107a Here, we have shown that the functional defect in MAIT cells also includes the cytolytic potential, with low levels of GrzA and Prf expression and a particularly striking defect in GrzB arming. This is likely to have significant consequences for MAIT cell-mediated control of intracellular microbes where direct cytolysis plays a significant role. MAIT cells play a role in immune defense against mycobacteria [8, 33] , are involved in tuberculosis [40] , as well as sepsis and severe bacterial infections in humans [35] . Even in the current era of effective ART, HIV-1 infected patients have impaired control of mycobacterial and other non-opportunistic pathogens, with increased risk of developing infections from such pathogens [27] . Bacterial sepsis is now the principal cause of intensive care unit admission and death for HIV-1-infected patients who are admitted to hospital even in western countries [41] . Because of MAIT cells' abundance, strategic locations at the body barrier sites, and potent antimicrobial activities against diverse pathogenic microbes, the broad numerical decline and severe dysfunction of MAIT cells may significantly contribute to morbidities and mortalities from both AIDS-defining infections and non-AIDSrelated infections in HIV-1-infected patients. Importantly, long-term effective ART did not rescue the ability of MAIT cells to arm with GrzB in response to bacterial antigen, indicating that this deficiency may be largely irreversible in HIV-infected people. The development and function of MAIT cells is dependent on expression of the transcription factor PLZF, and we also confirm that they express RORγt consistent with their potential to produce IL-17. In fact, our data suggest that the combination of PLZF and RORγt expression is sufficiently distinctive such that it can be used to identify this innate T cell population in the absence of the Vα7.2 TCR and CD161 combination. In addition, MAIT cells express the two classical effector T cell T-box transcription factors T-bet and Eomes, as well as Helios, with low expression levels for T-bet, high levels for Eomes, and intermediate levels for Helios. This pattern is in keeping with the effector memory-like phenotype of MAIT cells [42, 43] . Helios is a member of the Ikaros family and is predominantly studied in relation to regulatory T (Treg) cell subsets [44, 45] . Recently, however, the role of Helios beyond Treg subsets has been recognized, including as a marker for T cell activation, proliferation, and helper T cell subsets [46, 47] . The role of Helios in MAIT cells is currently unclear and warrants further studies. Nevertheless, this pattern indicates that MAIT cells express a unique combination of these critical transcription factors and may have a unique transcriptional program underlying their distinct phenotypic and functional profile. Interestingly, the exhausted characteristics of MAIT cells in HIV-1 infected patients were paired with the appearance of a dysregulated expression pattern of these critical transcription factors. The occurrence of MAIT cells deficient in both Eomes and T-bet correlates strongly with both the functional impairment and the numerical decline of these cells. Of note, such aberrant MAIT cells also had low levels of RORγt, which is in line with our previous observation that MAIT cells from HIV-infected patients were unable to produce IL-17 following bacterial stimulation [11] . This indicates that the defects of MAIT cells are broad-based and occur at the transcriptional level. It is possible that this effect might be due to continuous antigenic burden relating to loss of control of bacterial infections as well as to microbial translocation in HIV-infected patients. Indeed, chronic stimulation with mildly fixed E. coli generated MAIT cells deficient in both T-bet and Eomes. Importantly, these in vitro-generated MAIT cells lacking T-bet and Eomes also had low GrzB levels, consistent with the partially redundant activities of T-bet and Eomes in inducing GrzB in cytotoxic CD8 T cells [48, 49] . It is however possible that other pathways may be involved in the generation of T-bet and Eomes defective MAIT cells in vivo.
IL-7 has strong effects on T cell homeostasis and supports the survival of T cells by upregulating Bcl-2. These characteristics have made IL-7 attractive for cytokine immunotherapy in humans. MAIT cells express high levels of the IL-7Rα (CD127) [12, 38] , a finding that opened the possibility that IL-7 may have strong effects on MAIT cells. Interestingly, IL-7 alone in the absence of other stimuli was capable of arming resting MAIT cells from healthy donors into cytotoxic GrzB+ effector T cells. The induction of GrzB is profound, as resting MAIT cells essentially lack expression of this protein. Along with this effect, MAIT cells also further upregulated Prf and GrzA, without inducing any detectable spontaneous cytokine production. In the absence of bacterial antigen the effect of IL-7 is thus specifically to induce the cytotoxic arming of MAIT cells. Importantly, this in turn leads to a significantly increased cytolytic activity against MR1-expressing targets pulsed with bacteria. Perhaps an even more striking and potentially physiologically important effect is the radically enhanced sensitivity of MAIT cells to very low bacterial doses after IL-7 treatment. IL-7 supports strong cytokine production and cytolytic responses at antigen doses that are otherwise non-stimulatory for MAIT cells. These effects are consistent with the observations by Tang et al., where IL-7 enhanced expression of the TCR, CD8 chains and components of TCR signaling pathway [38] . Altogether, IL-7 may be suitable for immunotherapy approaches aimed at enhancing MAIT cell function in humans.
MAIT cells from HIV-infected patients significantly restored their effector functions after a short incubation with IL-7 in vitro. This effect was evident both in terms of arming, i.e. upregulation of in particular GrzB in resting non-antigen activated MAIT cells, and in terms of boosting the anti-bacterial degranulation and IFNγ response in MAIT cells. It should however be noted that the low levels of residual MAIT cells did not allow direct assessment of MAIT cell cytolytic capacity in HIV-1 infected patients. Interestingly, IL-7 has received attention as an adjunctive cytokine immunotherapy in HIV-1 infected patients to help restore immune functions that remain impaired even after successful ART. Particularly interesting were the recent observations by Sereti et al., that IL-7 treatment helped replenish the mucosal T cell compartment and supported an improved mucosal barrier function as evidenced by decreases in relevant biomarkers of microbial translocation [50] . Our findings in the present study open the possibility that these effects in patients involve the MAIT cell compartment. In such a model the mucosal T cell subsets including MAIT cells improve their numbers and function to alleviate the gut mucosal abnormalities of chronic HIV-1 infection. This possibility is further supported by the weak positive correlation we observe between plasma IL-7 levels and MAIT cell levels in vivo.
In summary, the findings in this study indicate that arming of cytolytic capacity occurs rapidly upon detection of bacterial antigen in MAIT cells in healthy donors, and this response is severely defective in HIV-1 infected patients. The broad-based functional defects in MAIT cells in chronic HIV-1 infection are associated with deficiency in the critical transcription factors Eomes and T-bet. Furthermore, our data show that IL-7 induces the arming of effector functions and enhances the sensitivity of MAIT cells in healthy donors, and can partially reverse the functional and transcription factor defects in MAIT cells from HIV-1 infected patients. These findings support the inclusion of IL-7 in immunotherapeutic approaches to restore MAIT cell numbers and function in HIV-1 infection as well as other conditions associated with loss and dysfunction of these cells. 
Materials and Methods
Ethics statement
Study participants
HIV-1 infected patients were from the Karolinska University Hospital Huddinge Infectious Diseases Outpatient Clinic (Stockholm, Sweden) (Table 1) [11] . Inclusion criteria were that patients were HIV-1 seropositive and had no history of AIDS-defining illness in the 12 months prior to recruitment. Healthy HIV-uninfected individuals were recruited at the Blood Transfusion Clinic at the Karolinska University Hospital Huddinge.
Peripheral blood processing
PBMCs were isolated from peripheral blood by Ficoll-Hypaque density gradient centrifugation (Pfizer-Pharmacia or Axis-Shield), and either allowed to rest overnight in complete medium, or cryopreserved in liquid nitrogen until required.
Functional assay
PBMCs were cultured in 10 ng/ml recombinant human IL-7 (R&D Systems), a combination of IL-12 and IL-18 (10 ng/ml and 100 ng/ml, respectively; PeproTech) for 24-48 h, as indicated or left untreated at 37°C and 5% CO 2 in RPMI medium supplemented with 10% fetal calf serum and 50 μg/ml gentamicin (Gibco) (RF10 medium) prior to functional assay. MAIT cell functions were determined in vitro using a paraformaldehyde (PFA)-fixed E. coli stimulation (D21 strain, MOI as indicated) in the presence of 1.25 μg/ml anti-CD28 mAb (BD Biosciences) [11] . PBMCs were further cultured for 24 h, and in selected experiments, 0.4 μg/ml antiCD107a PECy7 (BD Biosciences) was added at the start of bacterial stimulation, and monensin (Golgi Stop, BD Biosciences) was added during the last six hours of the stimulation. In selected experiments, cells were stained with Cell Trace Violet (CTV) Cell Proliferation Kit (Life Technologies) as per manufacturer's instructions and cultured in RF10 medium with fixed E. coli in the presence of anti-CD28 for six days as described [12] .
Cytotoxicity assay
Vα7.2 + T cells were purified from freshly isolated PBMCs using Vα7.2-APC antibody, followed by anti-APC microbeads (Miltenyi Biotec) and positive selection using MACS Cell Separation (Miltenyi Biotec). did not mediate cytotoxicity. Target cell apoptosis was detected through the fluorescent inhibitor of caspases (FLICA) flow cytometry-based methodology. Briefly, the FLICA reagent (Vybrant FAM Poly Caspases Assay Kit, Life Technologies) was added at a final concentration of 0.2% (v/v) to the MAIT-293T-hMR1 cell culture at the beginning of the assay, and antiCD107a PECy7 at a total concentration of 0.4 μg/ml was also added to detect MAIT cell degranulation. After 24 h of culture, cells were harvested and stained to simultaneously detect MAIT cell cytotoxicity and 293T-hMR1 cell death.
Antibodies, flow cytometry and IL-7 measurement
Biosciences) were used for compensation purposes. Software-based compensation was performed using the compensation platform in FlowJo software version 9.6 (Tree Star). Circulating IL-7 was detected in plasma (diluted 1:4) using the Quantikine HS Human IL-7 Assay (RnD Systems, Abingdon, UK), according to the manufacturer's instructions. Each sample was assayed in duplicate.
Statistical analysis
Significant differences in independent samples were assessed using Fisher's exact test for categorical variables. Continuous variables were first assessed for normality, and differences in independent samples were assessed using t-test or Mann-Whitney test for continuous variables as appropriate. The Wilcoxon signed rank test or paired t-test as appropriate was used to determine significance between paired samples. The Friedman test followed by Dunn's post-hoc test was used to detect differences across multiple, paired samples. Correlations were evaluated using Spearman's rank correlation. Statistical analyses were performed on raw data using Prism version 6.0f (GraphPad), and two-sided p-values < 0.05 were considered significant. 
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